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Introduction: The EZH2 transcriptional regulator, recently shown by to be overexpressed in
prostate cancer specimens that are more likely to recur, maps to 735 and represents a
candidate gene for inherited prostate cancer susceptibility. This statement is based on the
identification of prostate cancer linkage to distal 7q markers in a recently completed genome-
wide scan using hereditary prostate cancer families from the University of Michigan Prostate
Cancer Genetics Project (PCGP). Relatively little is known about the molecular basis of EZH2
function or its DNA specificity. The major hypothesis of this proposal is that germline mutations
in the EZH2 gene will predispose to more clinically aggressive forms of prostate cancer and the
characterization of these mutations will provide more information about the function of the EZH2
molecule in prostate cancer and metastasis. To address this hypothesis, the following two
specific aims were proposed: 1) to identify germline mutations in EZH2 that predispose to
aggressive prostate cancer in prostate cancer families, and 2) to characterize the functional
consequences of EZH2 mutations specifically focusing on the role of EZH2 in transcriptional
regulation.

Body: We have made significant progress towards completing the tasks outlined in the original
Statement of Work, as summarized below:

SPECIFIC AIM 1. To examine the contribution of germline EZH2 variants, including the
Aspl46His polymorphism, in hereditary prostate cancer cases.

For this aim, we utilized DNA samples collected though our ongoing hereditary prostate
cancer study called the University of Michigan Prostate Cancer Genetics Project (PCGP). We
identified 372 Caucasian families in which we had DNA from at least one pair of brothers
discordant for prostate cancer. We also preferentially enrolled the oldest available unaffected
brother from each family to maximize the probability that unaffected men were truly unaffected
and not simply unaffected by virtue of being younger than their affected brother(s). Additional
male siblings as well as multiple sibships from the same family were included if DNA was
available.

The diagnosis of prostate cancer was confirmed by review of pathology reports or
medical records, and age at diagnosis was calculated from the date of the first biopsy positive
for prostate cancer. Cases were classified as clinically aggressive if they met at least one of the
following criteria: (1) pathologic Gleason sum > 7, (2) pathologic stage T3b (pT3b) tumor
(indicating seminal vesicle involvement) or pT4 or N1 (positive regional lymph nodes), (3)
pathologic Gleason sum of 7 and a positive margin, or (4) pre-operative serum prostate-specific
antigen (PSA) value >15 ng/ml, or a biopsy Gleason score > 7, or a serum PSA level > 10 ng/ml
and a biopsy Gleason score > 6. These criteria were developed by the Southwest Oncology
Group (protocol 9921) to identify men at intermediate to high risk of clinical recurrence after
primary therapy. The clinical characteristics of the men with prostate cancer included in this
study are shown in Table 1. Note that the median age at diagnosis of prostate cancer in these
men is 54 years, which is much younger than the average age or prostate cancer diagnosis in
the U.S. (~67 years). Early age of cancer diagnosis is one of the hallmarks of genetic forms of
cancer.

At the time of consent, unaffected siblings were significantly older than their affected
brothers were at their time of diagnosis (p<0.0001 for paired t-test of within family means), with
a mean age difference of ~3 years. Additional characteristics of the unaffected men are shown
in Table 2. Note that the majority of men (96%) have been tested for prostate cancer by PSA
blood test and most of these men (87%) state that their PSA is < ng/ml or normal.



We tested 2 EZH2 SNPs for potential association with prostate cancer using family-
based association tests. RS6464926 is in intron 8 and RS2302427 is in exon 11 and results in
the substitution of histidine for aspartate at amino acid position 146 (EZH2 Asp146His). We
genotyped all 5 htSNPs with TagMan SNP Genotyping Assays (Applied Biosystems, Foster
City, CA), and we used the ABI PRISM 7900HT Sequence Detection System (Applied
Biosystems) to distinguish SNP alleles. We used the Family-Based Association Test (FBAT)
program (version 1.5.5) to test for association between genotypes and prostate cancer. FBATs
are a class of generalized score statistics that utilize within- and between-family marker-
inheritance patterns to test for association. We employed the empirical variance function in
FBAT, which is a valid test of the null hypothesis of no association in the presence of linkage.
To maximize power, we analyzed the combined sample of affected and unaffected men using
the offset option.

The SNP in intron 8 showed no association with prostate cancer when all families were
analyzed together or when the analysis was repeated using the following stratifications:
clinically advanced prostate cancer, age at diagnosis (<50 years), or number of confirmed cases
of prostate cancer within a family (>3). The EZH2 Asp146His was not associated with prostate
cancer in all families. However, when the 19 families that were informative for clinically
aggressive prostate cancer in this analysis, the variant was significantly associated with prostate
cancer (z —1.89, p = 0.06).

Given this intriguing observation, we are now studying the EZH2 Aspl146His in a set of
600 men who have undergone radical prostatectomy at the University of Michigan. We will see
whether the EZH2 Aspl146His is associated with clinically aggressive disease and/or
recurrence. These experiments were motivated by the observation made in Aim 1 and may
have important clinical significance. Once this confirmatory work is completed, we plan to
submit a manuscript describing the results.

SPECIFIC AIM 2. To characterize the functional properties of EZH2 and its variants.

Identification and characterization of novel EZH2-associated cofactors.

Using the tandem affinity purification (TAP) system as described in our original proposal,
we have identified a number of candidate binding partners of EZH2. To date, we have turned
our focus to one of these factors, namely the Repressor of Estrogen Activity (REA) protein.
REA has been reported to act as a corepressor in estrogen-dependent transcription by binding
to the estrogen receptor. In addition, a decreased level of REA expression has been correlated
with high-grade, poorly differentiated breast cancer. Based on the novel nature of the
interaction between EZH2 and REA and the potential role of REA in neoplasia, we have
investigated this interaction.The interaction between REA and EZH2 was confirmed through a
GST-fusion protein pull-down experiment (Figure 1A), and through immunofluorescence
approaches. Interestingly REA was found to display a predominantly cytoplasmic localization,
with a small portion of the protein detected in the nucleus (Figure 1B). In contrast, EZH2 was
completely nuclear, with no detectable fluorescence in the cytoplasm.

Analysis of the transcriptional regulatory properties of EZH2.

To examine the roles of endogenous EZH2 and REA in transcriptional regulation, we
have taken an RNA interference approach. HEK293 cells were transfected with a sSIRNA
oligonucleotide specific for the EZH2 transcript (SiEZH2). The protein levels of endogenous
EZH2 were specifically and effectively reduced with SIiEZH2, as shown in Figure 2A. This



SsiRNA was used to evaluate the effect of EZH2 depletion on the expression of a luciferase
reporter construct whose promoter contained canonical estrogen-response elements. As
expected, when transfected into both HEK293 cells and MDAMB231 cells, transcription was
robustly activated by the addition of estradiol (E2) to the cell media (Figure 2B and 2C, first
three bars). In both of these systems, there was little basal activity in the absence of estradiol.
When EZH2 levels were reduced in HEK293 cells, estrogen-dependent transcription was
increased (Figure 2B). This increase in estrogen-dependent transcription did not occur with a
control siRNA oligonucleotide, indicating the specific nature of this result. Similar results were
obtained from a parallel analysis in MDA-MB-231 cells, a breast cancer cell line. Estrogen-
dependent transcription was increased when EZH2 levels were reduced using siEZH2 (Figure
20).

Since decreasing the expression of EZH2 increased ERE-dependent transcription, we
have also asked if the converse was also true; that is, if overexpression of EZH2 would repress
transcription in this system. EZH2- and REA-expressing plasmids were transfected into an
MDA-MB-231 cell line. REA repressed transcription from the ERE-luciferase reporter plasmid.
Moreover, overexpression of EZH2 was also shown to repress transcription from an estrogen-
dependent promoter, a novel observation. The effects of REA and EZH2 on estrogen-
dependent transcription were further examined to determine if their effects were additive. When
REA and EZH2 were co-transfected, transcriptional levels were repressed, but only to the same
level as with REA or EZH2 alone, indicating that the transcriptional effects of REA and EZH2 in
this system were not additive (Figure 3B).

Finally, the repression of estrogen-dependent transcription by REA and EZH2 was
investigated to assess whether REA and EZH2 acted independently or were mutually
dependent. To answer this question, cell lines in which EZH2 or REA expression was stably
reduced were established. A decrease in REA and EZH2 expression is demonstrated by
Western blot of lysates from these cells (Figure 3A). ERE-dependent transcription in these cell
lines was examined. In a manner similar to our results with transient reduction of EZH2,
transcription from the ERE-luciferase reporter construct increased when either REA or EZH2
levels were reduced in a stable fashion (Figure 3B). The effect of EZH2 or REA overexpression
was then evaluated in the absence of the other protein. Significantly, EZH2-mediated
repression was abrogated in cell lines expressing the shREA knockdown construct. In addition,
reducing the expression of EZH2 resulted in attenuation of REA-mediated repression. These
results indicate that the repression of estrogen-dependent transcription by EZH2 is dependent
on the presence of REA and that the transcriptional repression of REA also depends in part
upon EZH2. Together, our findings suggest a model in which EZH2 and REA are recruited
together to promoters containing responsive elements to modulate transcription.



Tables

Table 1. Characteristics of men with prostate cancer (n=500)

TRAIT No.* (%)
AGE AT DIAGNOSISt 54 [50-62]
Pre-diagnosis PSAt 5.7 [4.3-9.6]
Surgeryt (% yes) 379 (75.8)
Stage:
Localized 370 (77%)
Locally advanced 91 (19%)
Metastasized 19 (4%)
Gleason:
<6 231 (47.4%)
7 201 (41.3%)
>7 55 (11.3%)
Clinically aggressive CaP (%) 175 (35%)

*Note that column subtotals do not sum to 500 due to missing data.

tMedian and [interquartile range] are reported.

F¥Number and (percentage) of men with prostate cancer who underwent a radical
prostatectomy.

Table 2. Characteristics of unaffected men (n=439)

TRAIT No.* (%)
AGE AT CONSENTf 56 [50-63.5]
Ever had PSA%t (% yes) 294 (96%)
Self Reported PSA Value:§
Normal/<4ng/ml 257 (87.4%)
High/>4ng/ml 11 (3.7%)
Don’t Know 26 (8.8%)
PSA¥ 1.2[0.7-2.1]

*Note that column subtotals do not sum to 439 due to missing data.

tMedian and [interquartile range] are reported.

tNumber and (percentage) of men who self report having had PSA screening

8PSA data from self report

¥Median and interquartile range of PSA values obtained from medical records (N=265)

Table 3. Results of the FBATSs using a dominant model.

All Families Aggressive disease
SNP MAF #FAM Z P MAF #FAM Z P
rs6464926 0.48 95 0.25 0.80 049 36 043 0.67
rs2302427 0.08 49 0.72 0.47 0.08 15 1.89 0.06

Abbreviations: MAF = minor allele frequency, #FAM = number of families



Figures

Figure 1. Interaction between EZH2 and REA. A. GST-pulldown assay using EZH2-GST.
HEK293 cells were co-transfected with REA-HA and either EZH2-GST or GST. Cell lysates
were prepared and purified using the affinity of GST for glutathione. Input lysates and
pulldowns were immunoblotted and probed for either HA (top panels) or GST (bottom panels).
B. Colocalization of EZH2 and REA. HEK293 cells were co-transfected with separate plasmids
constructed to express EZH2-FLAG and REA-HA fusion proteins. Immunofluorescence staining
was performed using anti-FLAG (green, left upper panel) and anti-HA antibodies (red, right
upper panel). Nuclei were stained with Hoescht (blue, left lower panel). The overlay image is
shown in the right lower panel.

Figure 2. siRNA-mediated reduction in EZH2 expression increases ERE-dependent
transcription. A. HEK293 cells were transfected with either siEZH2 or siGFP using a calcium
phosphate method. Lysates were prepared for Western blot analysis and probed using an
antibody that recognized endogenous EZH2. Transfection of SIiEZH2 was able to efficiently
decrease EZH2 expression in HEK293 cells. Similar results were achieved using siEZH2 to
reduce the expression of EZH2 in MDA-MB-231 breast cancer cells. B. Estrogen-dependent
transcription was evaluated using a luciferase reporter system. Transcription of the luciferase
gene from the plasmid pGL3-ERE2bf-TATA-luc is estrogen-dependent due to the two estrogen-
response elements (ERE) in its promoter. pSG5-ER, which expresses the estrogen receptor
(ER), was co-transfected with pGL3-ERE2bf-TATA-luc to enable estrogen-mediated
transcription. Cells were cultured in phenol red-free media supplemented with charcoal-stripped
serum to eliminate substances that would cross-react with the estrogen receptor. Luciferase
transcription was confirmed to be estrogen dependent (+E2). Transcription increased with
transfection of siEZH2 compared to siGFP control. C. Estrogen-dependent transcription was
also evaluated in MDA-MB-231 cells in a similar fashion. EZH2 levels were reduced with the
introduction of a small interfering RNA oligonucleotide and the effect on transcription of pGL2-
ERE2bf-TAT-luc was examined.

Figure 3. Effects of EZH2 and REA expression on ERE-transcription in a lentiviral
system. A. MDA-MB-231 cells were infected with lentivirus constructs designed to express
short hairpin RNA that interfere with either REA, EZH2 or GFP expression. Immunoblotting with
anti-REA (left panel) or anti-EZH2 (right panel) demonstrates reduced expression of target
proteins. B. Cell lines were transfected and luciferase activity was determined under various
conditions: control (shGFP and pEBB); EZH2 (shGFP and pEBB-EZH2-Flag); REA (shGFP and
pEBB-REA-HA); EZH2 + REA(shGFP, pEBB-EZH2-Flag and pEBB-REA-HA); shREA (shREA
and pEBB); shEZH2 (shEZH2 and pEBB).
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Key Research Accomplishments

o Demonstrated that the SNP EZH2 Aspl146His is associated with clinically aggressive
prostate cancer

o |dentified REA as a novel EZH2-associated protein
Validated the REA-EZH2 interaction and examined the subcellular localization of these
interactions

e Generated lentiviral ShRNA vectors and reagents to suppress EZH2 and REA levels in
tumor cells.

¢ Examined the effects of endogenous EZH2 and REA on gene expression.

Reportable OQutcome

The following manuscripts have been published in this reporting year, and cite this grant:

Hwang, C., Giri, V.N., Wilkinson, J.C., Wright, C.W., Wilkinson, A.S., Cooney, K.A. and
Duckett, C.S. EZH2 regulates the transcription of estrogen-responsive genes through
association with REA, and estrogen receptor corepressor. Breast Canc Res Treat., in press
(2007).

This grant provided research support for Dr Veda Giri while she was a fellow in the
Division of Hematology/Oncology at the University of Michigan. She is currently the
Director, Prostate Cancer Risk Assessment Program and Assistant Member, Population
Sciences and Medical Oncology at Fox Chase Cancer Center in Philadelphia. It also
provided salary and research support for Dr. Clara Hwang who is a current fellow in the
Division of Hematology/Oncology at the University of Michigan. Research support was also
provided to Mitchell Machiela who is a Master’s student in the Department of Hospital and
Molecular Epidemiology at the University of Michigan.

Conclusions

We have completed this DOD-funded research grant which had two aims focusing on
EZH2 and prostate cancer. We have intriguing data suggesting that EZH2 Asp146His may
contribute to aggressive prostate cancer, and we are currently conducting validation studies.
If we can confirm that the EZH2 Asp146His is associated with aggressive prostate cancer,
this variant may be used to predict whether men with prostate cancer will have a more
aggressive clinical course. This may lead to the recommendation of more aggressive
therapies based on genotype.

We have also shown for the first time that the chromatin-remodeling protein EZH2
interacts with the nuclear receptor REA. This observation begins to shed light on how EZH2
may function in hormonally-regulated tissues. Currently there are therapies being tested in
the clinic already alter chromatin remodeling such Suberoylanilide hydroxamic acid or SAHA
which is a histone deacetylase inhibitor. It is crucial that we continue to develop more
fundamental knowledge about transcriptional regulation so that we can develop and test
biologically targeted agents more carefully in the future.
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Abstract Enhancer of zeste homolog 2 (EZH2) is a his-
tone methyltransferase polycomb group (PcG) protein,
which has been implicated in the process of cellular dif-
ferentiation and cancer progression for both breast and
prostate cancer. Although transcriptional repression by
histone modification appears to contribute to the process of
cellular differentiation, it is unclear what mediates the
specificity of PcG proteins. Since EZH?2 requires a binding
partner for its histone methyltransferase activity, we sur-
mised that evaluating interacting proteins might shed light
on how the activity of EZH2 is regulated. Here we describe
the identification of a novel binding partner of EZH?2, the
repressor of estrogen receptor activity (REA). REA func-
tions as a transcriptional corepressor of the estrogen
receptor and can potentiate the effect of anti-estrogens.
REA expression levels have also previously been associ-
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ated with the degree of differentiation of human breast
cancers. We show here that EZH2 can also mediate the
repression of estrogen-dependent transcription, and that
moreover, the ability of both REA and EZH2 to repress
estrogen-dependent transcription are mutually dependent.
These data suggest that EZH2 may be recruited to specific
target genes by its interaction with the estrogen receptor
corepressor REA. The identification of a novel interaction
between EZH2 and REA, two transcription factors that
have been linked to breast cancer carcinogenesis, may lead
to further insights into the process of deregulated gene
expression in breast cancer.

Keywords Cancer - Estradiol - Estrogen-dependent
transcription - Estrogen receptor - EZH2 - REA

Introduction

A growing body of evidence is accumulating to suggest a
relationship between the fields of cancer biology and epi-
genetics, the study of heritable changes in gene function that
occur without a change in DNA sequence [1]. These heri-
table changes, which are independent of DNA sequence,
thus establish cellular identity within a multicellular
organism. A major determinant of these heritable changes is
modification of chromatin, the term for the structures
formed by histone proteins and chromosomal DNA. Tran-
scriptional regulation has been shown to depend in part on
the dynamic change between open and compacted chro-
matin structure. Significantly, a growing number of genes
involved in chromatin regulation have been implicated in
cancer, including BRCAI, histone deacetylases (HDAC),
and members of the polycomb group (PcG) of proteins.

@ Springer
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Much recent interest has focused on EZH2, a PcG protein.
EZH2 is a homolog of the Drosophila protein Enhancer of
zeste, critical to development and cell differentiation [2-5].
The catalytic activity of EZH2 is contained in its SET do-
main, which methylates histone lysine residues, affecting
chromatin structure and gene transcription. The catalytic
activity of EZH2 appears to be regulated by its binding
partners, since the multimeric complexes containing EZH2
change during differentiation, along with their substrate
specificity [6]. EZH2 is critical for embryonic development,
as demonstrated by the phenotype of EZH2-null mice,
which is embryonic lethal [6]. Furthermore, EZH2 is pref-
erentially expressed in embryonic tissues and is normally
not expressed in terminally differentiated adult tissues. In
contrast, EZH2 appears to be overexpressed in various
malignancies, including steroid-dependent malignancies
such as breast cancer, prostate cancer, multiple myeloma
and lymphoma [7-18]. EZH2 overexpression also corre-
lates strongly with tumor differentiation and pathologic
grade for both breast and prostate cancer [7-9]. This
observation may follow from the preferential expression of
EZH2 in embryonic over terminally differentiated tissues.
In addition to the finding of EZH2 overexpression in neo-
plastic cells, EZH2 overexpression is a powerful indepen-
dent prognostic factor, correlating with metastatic disease
and survival for both prostate and breast cancer [7, 8].
EZH2 also appears to be important in conferring a malig-
nant phenotype to cells, and may be a bona fide oncogene.
Knockdown of EZH2 dramatically reduces proliferation
and induces growth arrest in prostate cancer and multiple
myeloma cell lines [7, 10, 17]. Conversely, overexpression
of EZH2 contributes to anchorage-independent growth, an
invasive phenotype, and growth-factor independence [7,
10]. Finally, the overexpression of EZH2 is sufficient to
induce oncogenic potential in a xenograft model [10].
Although EZH?2 appears to play a role in neoplastic
transformation, it remains unclear how EZH2 may con-
tribute to the regulation of various developmental programs
and their deregulation in cancer. Furthermore, although it
has been shown that EZH2 expression correlates with dif-
ferentiation of hormone-sensitive epithelial tissues such as
breast and prostate, the mechanism underlying this corre-
lation has not yet been determined. Since EZH?2 requires a
binding partner for its histone methyltransferase activity,
we postulated that evaluating interacting proteins might
shed light on how the activity of EZH2 is regulated. Using a
biochemical screen to identify EZH2-interacting proteins,
we have identified Repressor of Estrogen receptor Activity
(REA) as a novel binding partner of EZH2 and confirmed
this interaction in human cells. EZH2 was also found to
repress estrogen-dependent signaling in a manner depen-
dent on the presence of REA. Together, these data suggest
that EZH2 and REA cooperate to regulate transcription of

@ Springer

estrogen-dependent genes and may further our under-
standing of aberrant transcriptional regulation in hormon-
ally regulated tumors such as breast and prostate cancer.

Materials and methods
Plasmids and RNA interference

The plasmids pEBB, pEBG, pEBB-FLAG, pEBB-HA,
pEBB-CTAP, and pFG12 have been described previously
[19-22]. EZH2 coding sequence was PCR amplified from
an IMAGE EST clone 4521628 and subcloned into pEBB-
CTAP, pEBB-FLAG and pEBG to construct pPEBB-EZH?2-
TAP, pEBB-EZH2-FLAG, and pEBG-EZH2, respectively.
The REA coding sequence was cloned from IMAGE EST
clone 5728265 using PCR amplification and subcloned into
pEBB-HA to generate pPEBB-REA-HA. Sequences encod-
ing a short-hairpin RNA targeting EZH2 or REA were
subcloned into pFG12 for RNA-interference experiments
using a lentiviral delivery system. All plasmids were se-
quenced to confirm correspondence with published data.
Small interfering RNA oligonucleotides sequences were
submitted to Qiagen for oligonucleotide synthesis. Se-
quences used for RNA interference are available upon re-
quest. pGL3-ERE2bf-TATA-luc and pSG5-ER were kindly
provided by R. Koenig.

Cell culture, transfection, and co-precipitation

HEK?293 and 293T cells were grown in Dulbecco’s Mod-
ified Eagle’s Medium (Cellgro, Herndon, VA, USA) and
supplemented with 2 mM L-glutamine and 10% fetal bo-
vine serum. MDA-MB-231 cells were grown in RPMI
1640 supplemented with 1% glutamax and 10% fetal bo-
vine serum. When indicated, phenol-red free media and
charcoal-stripped fetal bovine serum (Hyclone, Logan, UT,
USA) were used to eliminate background estrogen signal-
ing. A standard calcium phosphate method [23] was used to
transfect both plasmid and siRNA into HEK293 cells and
293T cells. For transfection of siRNA, MDA-MB-231 cells
were transfected with lipofectamine (Invitrogen, Carlsbad,
CA, USA) using a protocol provided by the supplier.
Alternatively, the Amaxa nucleofection system was em-
ployed, using program A-23 and nucleofector solution T,
according to the recommendations of the manufacturer.
Lentiviral production using 293T-cells was performed as
previously described [22].

For co-precipitation experiments, HEK293 cells were
transfected with pEBG-EZH2, pEBB-REA-HA or appro-
priate control plasmids. Cell lysates were prepared with
Triton-X 100 lysis buffer. Glutathione sepharose beads
(Amersham, Piscataway, NJ, USA) were added and the
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samples were incubated at 4°C for 3-6 h. After washing
beads four times with lysis buffer, pelleted material was
resuspended in LDS loading buffer (Invitrogen) and used
for immunoblotting as described below.

Tandem affinity purification

HEK293 cells were transfected with 12 ng of pEBB-
EZH2-TAP plasmid per 15-cm plate. After 2 days, cells
were harvested and lysed in Triton lysis buffer (25 mM
HEPES, 100 mM NaCl, 1 mM EDTA, 10% glycerol, 1%
Triton X-100, protease inhibitors); cell lysate was supple-
mented with NaCl and Nonidet P-40. Lysate was applied to
a chromatography column containing IgG-Sepharose beads
(Amersham) and incubated for 2 h at 4°C. The column was
drained and washed with IPP150 buffer (10 mM Tris—HCI,
pH+ 8.0, 150 mM NaCl, 0.1% Nonidet P-40, protease
inhibitors) and TEV cleavage buffer (10 mM Tris—HCI,
pH+ 8.0, 150 mM NaCl, 0.1% Nonidet P-40, 0.5 mM
EDTA, 1 mM dithiothreitol, protease inhibitors). After
incubation for 2 h at 16°C in TEV cleavage buffer sup-
plemented with TEV enzyme (Invitrogen), the eluate was
collected and supplemented with CaCl, and IPP150 cal-
modulin binding buffer (10 mM Tris-HCl, pH+ 8.0,
150 mM NaCl, 0.1% Nonidet P-40, 1 mM magnesium
acetate, 1 mM imidazole, 2 mM CaCl2, 10 mM f-mer-
captoethanol). The supplemented eluate was applied to a
chromatography column containing calmodulin 4B beads
(Amersham) and incubated at 4°C for 1 h. After this
incubation, the column was drained and washed with
IPP150 calmodulin binding buffer. A final eluate was
collected after incubation at 4°C with IPP150 calmodulin
elution buffer (10 mM Tris—HCI, pH+ 8.0, 150 mM NacCl,
0.1% Nonidet P-40, 1 mM magnesium acetate, 1 mM
imidazole, 2 mM EGTA, 10 mM f-mercaptoethanol).
Proteins were precipitated by adding cold 10% trichloro-
acetic acid in acetone and incubation overnight at —20°C.
The samples were centrifuged at 4°C (10,000xg for
30 min) and precipitate was then rinsed in 100% acetone
and allowed to air dry. These protein precipitates were
submitted to the Proteomics Centre (http://www.protein-
centre.com) at the University of Victoria for tryptic
digestion, high-performance liquid chromatography sepa-
ration, and tandem mass spectrometry (MS/MS) to deter-
mine peptide sequences. REA was identified as a putative
EZH2-interacting protein based upon the peptide sequence

QVAQQEAQR.
Western blot analyses
Whole cell extracts were prepared with Triton lysis buffer

or RIPA lysis buffer (PBS, 1% NP-40, 0.5% sodium de-
oxycholate, 0.1% SDS) supplemented with 1 mM PMSF,

one protease inhibitor tablet (Roche, Penzberg, Germany)
per 10 ml of buffer, and 10 mM DTT. Proteins were sep-
arated by electrophoresis on 4-12% gradient Novex Bis—
Tris gels (Invitrogen), transferred to nitrocellulose mem-
branes (Invitrogen) and blocked with 5% milk solution in
TBS containing between 0.05 and 0.1% Tween-20,
dependent on the antibody. The membranes were incubated
with the relevant primary and secondary antibodies fol-
lowed by antibody detection. Antibody detection was
performed with an enhanced chemiluminescence system
according to the manufacturer’s directions (Amersham).
Primary HRP-conjugated antibodies against FLAG and HA
were obtained from Sigma, St.Louis, MO, USA. Other
primary antibodies used included rabbit polyclonal anti-
bodies against GST (Santa Cruz, CA, USA), REA and
EZH2 (Upstate, NJ, USA), and a mouse monoclonal anti-
body against f-actin (Sigma). Secondary antibodies used
were HRP-conjugated donkey anti-rabbit and HRP-conju-
gated sheep anti-mouse (Amersham).

Confocal and fluorescence microscopy

HEK293 cells (5 x 10 per well) were plated on poly lysine
coated chambered coverglass slides. Cells were transfected
by calcium phosphate precipitation with pEBB-EZH2-
FLAG, pEBB-REA-HA or both. Twenty-four hours after
transfection cells were washed with D-PBS (Dulbecco’s
phosphate-buffered saline), fixed in 4% paraformaldehyde,
and then permeablized in a solution of 0.1% Triton X-100/
1% goat serum in D-PBS. Antibody staining was com-
pleted as follows: cells were blocked with 20% goat serum
in D-PBS for 1 h at room temperature and then incubated
with primary antibodies (anti-FLAG-FITC, anti-HA-
Alexa594) for 1 h at room temperature in the dark. Fol-
lowing three washes with D-PBS, cells were stained with
Hoechst 33342, chamber slides were allowed to air dry,
and mounted with Pro-long Gold (Molecular probes, Eu-
gene, OR, USA/Invitrogen) according to manufacturer’s
instructions. Samples were then examined using a Zeiss
Axiovert 100 M Confocal microscope equipped with a
Zeiss LSM 510 spectrometer.

Luciferase assay

For luciferase reporter experiments, cells were seeded in 6-
well plates and transfected with the relevant plasmids and
siRNA, in addition to an estrogen receptor-expressing
plasmid (pSGS5-ER) and the reporter plasmid pGL3-
ERE2bf-TATA-luc. The following day, cells were exposed
to f-estradiol (Sigma) at a final concentration of 108 M, or
an equivalent volume of ethanol, the vehicle used to sol-
ubilize f-estradiol. The Promega reporter lysis buffer and
luciferase assay kit were used, with assays performed
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according to the manufacturer’s protocol. Cells were as-
sayed for luciferase reporter activity 1 day after estrogen
treatment.

Results

Although EZH2 contains the enzymatic domain responsi-
ble for histone methylation, its target specificity appears to
be driven by its binding partners [6]. For this reason, and
due to the apparent role of EZH2 in cell-identity and cancer
progression, we were interested in identifying novel EZH2-
binding partners. Using the tandem affinity purification
(TAP) system [24], a variety of peptides were isolated and
sequenced to identify candidate binding partners of EZH2.
This screen suggested an interaction between EZH2 and
the Repressor of Estrogen Activity (REA) protein. REA
has been reported to act as a corepressor in estrogen-
dependent transcription by binding to the estrogen receptor
[25]. In addition, a decreased level of REA expression has
been correlated with high-grade, poorly differentiated
breast cancer [26]. Based on the novel nature of the
interaction between EZH2 and REA and the potential role
of REA in neoplasia, we chose to further investigate this
interaction.

The interaction between REA and EZH2 was confirmed
through a GST-fusion protein pull-down experiment. GST
was fused to the EZH2 protein and co-transfected into cells
with plasmid expressing REA fused to an HA tag. REA-
HA was found to co-precipitate with EZH2-GST in extracts
from cells transfected with both plasmids (Fig. 1a). REA-
HA did not co-precipitate with GST alone, indicating the
specific nature of this interaction. The interaction between

@ EZH2

Inputs  Precipitate (green)
N iy

b b & 0

S O G O

el w REA-HA

s GST-EZH2

Fig. 1 Interaction between EZH2 and REA. (a) GST-pulldown assay
using EZH2-GST. HEK293 cells were co-transfected with REA-HA
and either EZH2-GST or GST. Cell lysates were prepared and
purified using the affinity of GST for glutathione. Input lysates and
pulldowns were immunoblotted and probed for either HA (top panels)
or GST (bottom panels). (b) Co-localization of EZH2 and REA.
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Hoescht (blue)

EZH2 and REA was further analyzed in co-localization
experiments. The subcellular localization patterns of both
EZH2 and REA were examined using an immunofluores-
cence approach. HEK293 cells were transfected with
plasmids encoding both EZH2-FLAG and REA-HA and
stained with FITC-conjugated anti-FLAG and Alexa-594
conjugated anti-HA prior to analysis by confocal micros-
copy. As shown in Fig. 1b, REA displayed a predomi-
nantly cytoplasmic localization, with a small portion of the
protein detected in the nucleus. In contrast, EZH2 was
completely nuclear, with no detectable fluorescence in the
cytoplasm. Interestingly, EZH2 localization within the
nucleus was in the form of discrete foci, rather than diffuse
within each nucleus.

Since REA has previously been shown to bind the
estrogen receptor and repress transcription [25, 27], we
asked whether EZH2 might also play a role in estrogen-
dependent transcription. RNA interference was used to
reduce levels of EZH2 and examine the role of EZH2 in
this system. HEK293 cells were transfected with a siRNA
oligonucleotide specific for the EZH?2 transcript (siEZH?2).
The protein levels of endogenous EZH2 were specifically
and effectively reduced with siEZH2, as shown in Fig. 2a.
This siRNA was used to evaluate the effect of EZH2
depletion on the expression of a luciferase reporter con-
struct whose promoter contained canonical estrogen-re-
sponse elements. As expected, when transfected into both
HEK?293 cells and MDAMB231 cells, transcription was
robustly activated by the addition of estradiol (E2) to the
cell media (Fig. 2b, c, first three bars). In both of these
systems, there was little basal activity in the absence of
estradiol. When EZH2 levels were reduced in HEK293
cells, estrogen-dependent transcription was increased

REA (red) EZH2 (green) REA (red)

Overlay Hoescht (blue) Overlay

HEK?293 cells were co-transfected with separate plasmids constructed
to express EZH2-FLAG and REA-HA fusion proteins. Immunoflu-
orescence staining was performed using anti-FLAG (green, left upper
panel) and anti-HA antibodies (red, right upper panel). Nuclei were
stained with Hoescht (blue, left lower panel). The overlay image is

shown in the right lower panel.
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(Fig. 2b). This increase in estrogen-dependent transcription
did not occur with a control siRNA oligonucleotide, indi-
cating the specific nature of this result. Similar results were
obtained from a parallel analysis in MDA-MB-231 cells, a
breast cancer cell line. Estrogen-dependent transcription
was increased when EZH2 levels were reduced using
siEZH2 (Fig. 2c).

Since decreasing the expression of EZH2 increased
ERE-dependent transcription, we also asked if the converse
was also true; that is, if overexpression of EZH2 would
repress transcription in this system. EZH2- and REA-
expressing plasmids were transfected into an MDA-MB-
231 cell line. Consistent with previous reports, REA re-
pressed transcription from the ERE-luciferase reporter
plasmid. Moreover, overexpression of EZH2 was also

« Fig. 2 siRNA-mediated reduction in EZH2 expression increases

ERE-dependent transcription. (a) HEK293 cells were transfected with
either siEZH2 or siGFP using a calcium phosphate method. Lysates
were prepared for Western blot analysis and probed using an antibody
that recognized endogenous EZH?2. Transfection of siEZH2 was able
to efficiently decrease EZH2 expression in HEK293 cells. Similar
results were achieved using siEZH2 to reduce the expression of EZH2
in MDA-MB-231 breast cancer cells. (b) Estrogen-dependent
transcription was evaluated using a luciferase reporter system.
Transcription of the luciferase gene from the plasmid pGL3-
ERE2bf-TATA-luc is estrogen-dependent due to the two estrogen-
response elements (ERE) in its promoter. pSG5-ER, which expresses
the estrogen receptor (ER), was co-transfected with pGL3-ERE2bf-
TATA-luc to enable estrogen-mediated transcription. Cells were
cultured in phenol red-free media supplemented with charcoal-
stripped serum to eliminate substances that would cross-react with the
estrogen receptor. Luciferase transcription was confirmed to be
estrogen dependent (+E2). Transcription increased with transfection
of siEZH2 compared to siGFP control. (c¢) Estrogen-dependent
transcription was also evaluated in MDA-MB-231 cells in a similar
fashion. EZH?2 levels were reduced with the introduction of a small
interfering RNA oligonucleotide and the effect on transcription of
pGL2-ERE2bf-TAT-luc was examined.

shown to repress transcription from an estrogen-dependent
promoter, a novel observation. The effects of REA and
EZH2 on estrogen-dependent transcription were further
examined to determine if their effects were additive. When
REA and EZH2 were co-transfected, transcriptional levels
were repressed, but only to the same level as with REA or
EZH2 alone, indicating that the transcriptional effects of
REA and EZH2 in this system were not additive (Fig. 3b).

Finally, the repression of estrogen-dependent transcrip-
tion by REA and EZH2 was investigated to assess whether
REA and EZH2 acted independently or were mutually
dependent. To answer this question, cell lines in which
EZH2 or REA expression was stably reduced were estab-
lished. A decrease in REA and EZH2 expression is dem-
onstrated by Western blot of lysates from these cells
(Fig. 3a). ERE-dependent transcription in these cell lines
was examined. In a manner similar to our results with
transient reduction of EZH2, transcription from the ERE-
luciferase reporter construct increased when either REA or
EZH2 levels were reduced in a stable fashion (Fig. 3b).
The effect of EZH2 or REA overexpression was then
evaluated in the absence of the other protein. Significantly,
EZH2-mediated repression was abrogated in cell lines
expressing the shREA knockdown construct (Fig. 3c).
In addition, reducing the expression of EZH2 resulted in
attenuation of REA-mediated repression. These results
indicate that the repression of estrogen-dependent
transcription by EZH2 is dependent on the presence of
REA and that the transcriptional repression of REA also
depends in part upon EZH2. Together, these data suggest a
model in which EZH2 and REA are recruited together to
promoters containing estrogen-response elements to
modulate ER-dependent transcription.
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Fig. 3 Effects of EZH2 and REA expression on ERE-transcription in
a lentiviral system. (a) MDA-MB-231 cells were infected with
lentivirus constructs designed to express short hairpin RNA that
interfere with either REA, EZH2 or GFP expression. Inmunoblotting
with anti-REA (left panel) or anti-EZH?2 (right panel) demonstrates
reduced expression of target proteins. (b) Cell lines were transfected
and luciferase activity was determined under various conditions:
control (shGFP and pEBB); EZH2 (shGFP and pEBB-EZH2-Flag);
REA (shGFP and pEBB-REA-HA); EZH2 + REA (shGFP, pEBB-
EZH2-Flag, and pEBB-REA-HA); shREA (shREA and pEBB);
shEZH2 (shEZH2 and pEBB). (c¢) Cell lines were transfected as
follows and luciferase activity was determined: control (shGFP and
pEBB); EZH2 and sh control (shGFP and pEBB-EZH2-Flag); EZH2
and shREA (shREA and pEBB-EZH2-Flag); REA and sh control
(shGFP and pEBB-REA-HA); REA and shEZH2 (shFZH2 and
pEBB-REA-HA)
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Discussion

In this study, we report a novel interaction between the
transcription factors EZH2 and REA. The protein REA was
identified based on a peptide sequence obtained from a
biochemical screen searching for EZH2-binding partners.
This interaction was confirmed using full-length protein
and a GST-pulldown technique (Fig. 1a). Examination of
EZH2 and REA localization patterns also displayed sig-
nificant overlap between their subcellular localization
(Fig. 1b). EZH2 and REA were observed to co-localize
within discrete nuclear foci. Interestingly, only a subset of
REA was found to localize in these nuclear foci while the
remainder was seen within the cytoplasm. On the other
hand, EZH2 was only visualized within these discrete nu-
clear foci.

EZH2 was also shown to modulate the transcriptional
activity of the estrogen receptor (Figs. 2, 3). The ability of
EZH2 to methylate specific histone lysine residues has
been associated with a compacted chromatin structure and
transcriptional repression. It is possible that the transcrip-
tional repression seen in response to overexpression of
EZH2 may be a nonspecific effect. However, the repression
of EZH2 of estrogen-repressor mediated transcription ap-
pears to be dependent on REA. When the expression of
REA was silenced by an RNA interference approach, there
was no repression of estrogen receptor transcription seen
with EZH2 overexpression. In addition, silencing EZH2
repression partially reverses the transcriptional repression
seen with REA. These data suggest that the interaction of
REA and EZH?2 is responsible for the recruitment of EZH2
to ERE-containing promoters and the dampening of ER
transcription.

Kurtev et al. have previously shown that REA interacts
with both classes I and II HDAC [28]. HDAC are also
chromatin-modifying enzymes that have been implicated in
development and carcinogenesis. Based on their observa-
tions, Kurtev et al. proposed that REA acts as a corepressor
by recruiting HDAC to nuclear receptor target genes. They
demonstrated that REA-mediated transcriptional repression
of estrogen receptor activity is partially reversed by a
specific histone deacetylase inhibitor, trichostatin A. Be-
cause this reversal was only partial, they suggested that the
transcriptional effects of REA may be mediated in part by a
HDAC-independent mechanism. This conjecture is further
supported by their demonstration that REA contains a do-
main able to repress ER transcription but does not bind to
HDAC. The interaction of REA with EZH2, a histone ly-
sine methyltransferase, may, at least in part, explain the
HDAC-independent repressive properties of REA.

Although EZH2 has been associated with embryonic
development and the determination of cellular identity, it
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is unclear how EZH2-mediated repression coordinates the
transcription of a specific set of genes involved in dif-
ferentiation. REA also appears to play a critical role in
embryonal development, as REA-deficiency in the mouse
is embryonic lethal at embryonic day 9 [29]. REA acts a
corepressor in estrogen-dependent transcription by bind-
ing to the estrogen receptor [25, 27]. Significantly, a
decreased level of REA expression is correlated with
high-grade, poorly differentiated breast cancer [26, 30].
This may be due to the repression of genes that are
normally induced by estrogen and the estrogen receptor.
The interaction of EZH2 and REA may, in a similar
fashion, shed light on the association seen between EZH2
overexpression and the degree of differentiation seen in
human breast cancer cases.

The association of nuclear receptors and chromatin
remodeling proteins in cancer echoes findings of other
model systems. For example, the remarkable clinical suc-
cess of differentiation therapy in acute promyelocytic
leukemia was dependent on the ability of retinoic acid to
reverse the differentiation block induced by aberrant
recruitment of HDAC to retinoic acid target genes [31].
This HDAC recruitment is mediated by N-Cor and SMRT,
corepressors of the retinoic acid receptor. In a similar
fashion, mounting evidence also points to the importance
of histone-modifying enzymes in breast and prostate can-
cer, solid tumors, which are steroid hormone-dependent.
The data presented here contribute to our understanding of
the relationship between chromatin-modifying enzymes
such as EZH2 in the differentiation of hormonally regu-
lated tissues. Unraveling the key determinants of differ-
entiation in these cell types and neoplasms may yield to the
identification of potential targets for differentiation therapy
in solid tumors.
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